1. INTRODUCTION {#sec1}
===============

Obesity is involved in the development of ischemic heart disease and congestive heart failure \[[@r1], [@r2]\]. The underlying mechanisms may be due to that obesity directly enhances the sympathetic nerve-mediated vasoconstriction \[[@r3]\] and causes sympathetic hyperactivity, resulting in arterial stiffness, endothelial dysfunction, and cardiac hypertrophy \[[@r4]\]. It has been reported that obesity decreased capsaicin-induced neuropeptide release from sensory nerves \[[@r3]\]. Thus, the sensory nerve function may be impaired in obesity.

Transient Receptor Potential Vanilloid subtype 1 (TRPV1), a non-selective cation channel, is primarily expressed in sensory neurons and sensory C- and Aδ-fibers. In addition, TRPV1 channels are also expressed in the heart and vascular endothelial cells \[[@r5]\], suggesting that TRPV1 may be involved in the modulation of cardiovascular physiology \[[@r6], [@r7]\]. TRPV1 can be activated by acidic pH and lipid metabolites \[[@r8], [@r9]\] and regulates biological processes probably through releasing Calcitonin Gene-Related Peptide (CGRP) and Substance P (SP). CGRP and SP are considered as powerful vasodilators and are involved in the regulation of inflammatory responses \[[@r7], [@r10]\]. Our previous studies showed TRPV1 gene knockout impaired preconditioning protection and postischemic recovery of isolated perfused hearts \[[@r11], [@r12]\]. Moreover, the cardiac sensory nerves could regulate the gene expression profile of the hearts \[[@r13]\]. The cardioprotective effects of ischemic preconditioning are impaired in several pathological conditions including dyslipidemia, diabetes, and hypertension \[[@r14]\]. However, it is unclear whether TRPV1 protects the heart under the condition of diet-induced obesity. If so, whether the effects of TRPV1 are mediated by CGRP and SP. This study tested the hypothesis that High-Fat Diet (HFD)-induced obesity in mice worsens recovery of postischemic cardiac function, which is blocked by specific TRPV1 agonist capsaicin through the release of CGRP and SP.

2. MATERIALS AND METHODS {#sec2}
========================

2.1. Animals {#sec2.1}
------------

This study was performed in accordance with the recommendations of NIH guidelines. The protocol was approved by the Institutional Animal Care and Use Committee of Michigan State University. Male TRPV1 gene knockout mice (TRPV1^--/--^, from the Jackson Laboratory, Bar Harbor, ME, USA) and Wild Type (WT) mice on the C57BL/6J genetic background were housed in a normal light/dark cycle. From 3 to 23 weeks of age, both strains were fed a Control Diet (CD; 8664, Harlan Teklad, Madison, WI, USA) or a HFD (97070, Harlan Teklad) and had free access to tap water. Bodyweight and food intake were measured weekly.

2.2. Drugs {#sec2.2}
----------

Capsaicin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% NaCl with dimethyl sulfoxide (10%, v/v) and Tween 80 (10%, v/v). CGRP and SP (Sigma-Aldrich) were dissolved in 0.9% NaCl.

2.3. Intraperitoneal Glucose Tolerance Test (IPGTT) {#sec2.3}
---------------------------------------------------

After fasted for 15 hours, glucose (2 g/kg body weight) was given *via* intraperitoneal injection to the conscious experimental mice. Tail venous blood glucose was measured using an Accu-Chek glucose meter (Roche Diagnostics) at 0, 30, 60, and 120 min after the injection of glucose. The Areas Under the Curve (AUC) of glucose were calculated based on the trapezoidal rule. Glucose tolerance was defined as AUC versus time curves calculated with the trapezoidal rule.

2.4. Isolated, Isovolumic, Perfused Heart Preparation \[[@r12], [@r15], [@r16]\] {#sec2.4}
--------------------------------------------------------------------------------

The hearts harvested from TRPV1^-/-^ and WT mice were mounted in a Langendorff apparatus and retrogradely perfused through the aorta with Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO~4~, 1.2 mM KH~2~PO~4~, 2.5 mM CaCl~2~, 25 mM NaHCO~3~, 0.5 mM Na-EDTA, 11 mM glucose, 95% O~2~, and pH 7.4) at 37°C and 80 mmHg. The heart function was measured using a Digi-Med Heart Performance Analyzer through a pressure transducer. Coronary Flow (CF) was continuously monitored with an ultrasonic flow probe. After 25 min of balance, the intracardiac balloon volume was set at 50% of Vol~max~, and Left Ventricular (LV) function was measured. LV End-Diastolic Pressure (LVEDP) was used as a parameter of LV diastolic function. LV Developed Pressure (LVDP), defined as the results of LV Systolic Pressure (LVSP) minus LVEDP, and isovolumic LV peak positive dP/dt (+dP/dt) were used as parameters of LV systolic function.

2.5. Experimental Protocols \[[@r12], [@r16]\] {#sec2.5}
----------------------------------------------

The hearts were balanced for 25 min and perfused at 1% of the coronary flow rate with the following: (1) vehicle (0.9% NaCl with dimethyl sulfoxide (10%, v/v) and Tween 80 (10%, v/v); (2) capsaicin (10 nmol/L); (3) CGRP (0.1 µmol/L), and (4) SP (0.1 µmol/L) for 10 minutes before ischemia. Hearts were then subjected to ischemia (30 min) and reperfusion (40 min). For normal controls (nonischemic), hearts from TRPV1^-/-^ and WT mice fed with a CD or an HFD were perfused for 95 min.

2.6. Evaluation of Myocardial Infarct {#sec2.6}
-------------------------------------

After 40 min of postischemic reperfusion, hearts were perfused and incubated with a 1% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich) in Krebs solution. The hearts were frozen for 10 min and cut into 5-6 slices. Each slice was photographed and quantified with ImageJ version 1.37v (NIH). The infarcted area (% infarct size) was calculated.

2.7. Statistical Analysis {#sec2.7}
-------------------------

Continuous variables are expressed as mean ± SEM. Differences among groups were compared using one-way ANOVA analysis followed by the Tukey-Kramer multiple comparison test. Differences between two groups were analyzed by *t*-test. The results were considered statistically significant at *P*\<0.05.

3. RESULTS {#sec3}
==========

3.1. Body Weight and Blood Glucose {#sec3.1}
----------------------------------

After diet intervention for 20 weeks, body weight was similar between WT and TRPV1^-/-^ mice on the control diet (Fig. **[1a](#F1){ref-type="fig"}**). HFD significantly increased body weight in both mouse strains (both *P*\<0.05), while there was no significant difference in body weight between WT and TRPV1^-/-^ mice on HFD (Fig. **[1a](#F1){ref-type="fig"}**). Similarly, HFD significantly increased fasting glucose levels in both strains (both *P*\<0.05), while there were no significant differences between WT and TRPV1^-/-^ mice on either control diet or HFD (Fig. **[1b](#F1){ref-type="fig"}**). IPGTT was performed, and glucose AUC was calculated and used as a parameter of glucose tolerance. Glucose AUC was higher in control diet-fed TRPV1^-/-^ mice than that in control diet-fed WT mice (*P*\<0.05, Fig. **[1c](#F1){ref-type="fig"}**). HFD impaired glucose tolerance in both strains (both *P*\<0.05), which was exacerbated in TRPV1^-/-^ mice with a higher glucose AUC in HFD-fed TRPV1^-/-^ mice than that HFD-fed WT mice (*P*\<0.05, Fig. **[1c](#F1){ref-type="fig"}**).

3.2. Postischemic Recovery of WT and TRVR1^-/-^ Hearts {#sec3.2}
------------------------------------------------------

There were no significant differences in LV diastolic and systolic functions among the four groups at baseline (data not shown). In control diet feeding groups, TRPV1^-/-^ mice had decreased CF, +dP/dt, and LVDP, but increased LVEDP compared with WT mice after I/R injury (all *P*\<0.05, Fig. **2a, b, c, d**). HFD decreased CF, +dP/dt, and LVDP, but increased LVEDP in both strains, which were exacerbated in TRPV1^-/-^ mice (all *P*\<0.05, Fig. **2a, b, c, d**).

3.3. Effects of Capsaicin on Postischemic Recovery of WT and TRVR1^-/-^ Hearts {#sec3.3}
------------------------------------------------------------------------------

Pretreatment with a TRPV1 agonist capsaicin attenuated cardiac I/R injury in WT mice but not in TRPV1^-/-^ mice fed with control diet, with increased CF, +dP/dt, and LVDP, and decreased LVEDP in control diet-fed WT mice treated with capsaicin compared to mice without capsaicin treatment (all *P*\<0.05, Fig. **3a, b, c, d**). However, the protective effects of

capsaicin in cardiac I/R injury were abolished by HFD feeding in WT mice (Fig. **3a, b, c, d**). As expected, capsaicin has no effects on postischemic cardiac function in HFD-fed TRPV1^-/-^ mice (Fig. **3a, b, c, d**). Similarly, capsaicin treatment decreased infarct size in control diet-fed WT mice (*P*\<0.05), but not in HFD-fed WT mice or in TRPV1^-/-^ mice fed with either normal diet or HFD (Fig. **[6a](#F6){ref-type="fig"}**).

3.4. Effects of Exogenous CGRP on Postischemic Recovery of WT and TRVR1^-/-^ Hearts {#sec3.4}
-----------------------------------------------------------------------------------

Treatment with CGRP improved postischemic cardiac function by increasing CF, +dP/dt, and LVDP in both TRPV1^-/-^ and WT mice on control diet (all *P*\<0.05) and decreasing LVEDP only in control diet-fed TRPV1^-/-^ mice (*P*\<0.05, Fig. **4a, b, c, d**). CGRP also increased CF and +dP/dt in HFD-fed WT mice and CF, +dP/dt, and LVDP in TRVR1^-/-^ mice fed with HFD (all *P*\<0.05, Fig. **4a, b, c**). Among HFD-fed groups, CF, +dP/dt, and LVDP were lower in TRVR1^-/-^ mice than those in WT mice (all *P*\<0.05, Fig. **4a, b, c**). In both strains, HFD impaired CGRP-induced improvements in CF (WT-CD-CGRP: 19% *vs.* WT-HFD-CGRP: 13%, *P*\<0.05; and TRPV1^-/-^-CD-CGRP: 57% *vs.* TRPV1^-/-^-HFD-CGRP: 25%, *P*\<0.05; Fig. **[4a](#F4){ref-type="fig"}**) and LVDP (WT-CD-CGRP: 31% *vs.* WT-HFD-CGRP: 16%, *P*\<0.05; TRPV1^-/-^-CD-CGRP: 91% *vs.* TRPV1^-/-^-HFD-CGRP: 70%, *P*\<0.05; Fig. **[4c](#F4){ref-type="fig"}**). CGRP had no effects on LVEDP in both strains fed with HFD (Fig. **4d)**. CGRP treatment significantly decreased infarct size in both strains fed with control diet or HFD (all *P*\<0.05, Fig. **[6b](#F6){ref-type="fig"}**). The infarct size in HFD-fed TRPV1^-/-^ mice was higher than that of HFD-fed WT mice (Fig. **[6b](#F6){ref-type="fig"}**).

3.5. Effects of Exogenous SP on Postischemic Recovery of WT and TRVR1^-/-^ Hearts {#sec3.5}
---------------------------------------------------------------------------------

Treatment with SP improved postischemic cardiac function by increasing CF, +dP/dt, and LVDP, and decreasing LVEDP in both TRPV1^-/-^ and WT mice on control diet (all *P*\<0.05, Fig. **5a, b, c, d**). In HFD-fed groups, SP pretreatment also improved I/R recovery by increasing +dP/dt in WT mice and by increasing CF, +dP/dt, and LVDP in TRVR1^-/-^ mice (all *P*\<0.05, Fig. **5a, b, c**). HFD impaired SP-induced cardiac protective effects, especially SP-induced decrease in CF was lower in HFD-fed mice compared with control diet-fed mice (WT-CD-SP: 23% *vs.* WT-HFD-SP: 6.6%, *P*\<0.05; TRPV1^-/-^-CD-SP: 28% *vs.* TRPV1^-/-^-HFD-SP: 17%, *P*\<0.05; Fig. **[5a](#F5){ref-type="fig"}**). SP pretreatment did not improve LVEDP in both strains with HFD intake (Fig. **[5d](#F5){ref-type="fig"}**). SP treatment significantly decreased infarct size in both strains fed with control diet (both *P*\<0.05, Fig. **[6c](#F6){ref-type="fig"}**). HFD impaired SP-induced cardiac protection as SP failed to decrease infarct size in WT-HFD hearts (Fig. **[6c](#F6){ref-type="fig"}**). However, SP significantly decreased infarct area in TRPV1^-/-^-HFD hearts (*P*\<0.05, Fig. **[6c](#F6){ref-type="fig"}**).

4. DISCUSSION {#sec4}
=============

The results in this study show that HFD intake induced obesity and increased fasting glucose level in both WT and TRPV1^-/-^ mice without statistically significant difference between the two strains with HFD intake. Moreover, HFD intake impaired glucose tolerance in both strains, which was worse in TRPV1^-/-^ mice. Epidemiological evidence shows that increased glucose levels, even below the level for diabetes diagnosis, or only impaired glucose tolerance, are considered as risk factors for cardiovascular disease \[[@r17]\]. By using TRPV1^-/-^ mice, we found that HFD intake impaired cardiac postischemic recovery in both strains, which was worsened HFD-fed mice.

Myocardial I/R injury lead to low pH and production of oxidative species, which can activate TRPV1 and modulate cardiac function \[[@r6]\]. The present study shows that capsaicin significantly improved recovery of the cardiac function after I/R injury as well as decreased the infarct size in control diet-fed WT but not in HFD diet-fed WT mice or in TRPV1^-/-^ mice fed with either control diet or HFD. Our previous studies showed that TRPV1 induces CGRP and SP release from cardiac afferent nerve fibers during myocardial ischemia to protect the heart from I/R injury \[[@r11], [@r12]\]. HFD intake decreases CGRP and SP release during I/R and also impairs capsaicin-induced CGRP and SP release. Previous reports showed that even a single high-fat meal can transiently impair endothelial function \[[@r18]\]. HFD intake also impaired TRPV1 expressed in coronary endothelial cells and subsequently decreased endothelium-dependent vasodilation \[[@r19]\]. Capsaicin induces relaxation of coronary conduit artery *via* activation of TRPV1 in endothelial cells, which is disrupted in metabolic syndrome \[[@r19]\]. HFD intake impaired cardiac I/R recovery induced by capsaicin in WT mice, which may be related to the decrease of TRPV1 expressed in endothelium and impaired endothelial function.

HFD intake decreased CGRP release in response to ischemia and impaired cardiac I/R recovery. CGRP is one of the most powerful vasodilatory neuropeptides \[[@r20], [@r21]\]. Furthermore, CGRP plays a protective role in myocardial infarction and vascular damage through directly inhibiting the sympathetic nervous activity \[[@r22], [@r23]\], causing positive chronotropic and inotropic effects \[[@r20], [@r24]\], protecting microvascular endothelial cells, and inducing vascular relaxation \[[@r25]\]. The mechanisms for the vasodilatory actions of CGRP include endothelium-dependent and -independent relaxation \[[@r26], [@r27]\]. Our data showed that pretreatment with CGRP exerted a protective effect against myocardial I/R injury in both strains. Previous studies showed that HFD intake impaired endothelium function \[[@r18]\], indicating that impaired endothelial function and decreased CGRP release maybe relate to HFD-induced impairment of cardiac function recovery.

SP is colocalized with CGRP and neurokinin A in sensory nerve terminals \[[@r28]\], which distribute in the myocardium and coronary vessels \[[@r29]\]. SP is also expressed in non-neuronal cells, such as endothelial cells and inflammatory and immune cells \[[@r30], [@r31]\]. TRPV1 activation during myocardial ischemia leads to increased SP release and protection of the heart from I/R injury \[[@r32]\]. The present study shows that HFD intake impaired exogenous SP-induced protection in WT mice, indicating that the effects of SP were impaired by HFD. Surprisingly, HFD intake upregulated NK1R expression in hearts from HFD-fed TRPV1^-/-^ mice, which may explain why exogenous SP plays a protective role in HFD-fed TRPV1^-/-^ mice, but not in HFD-fed WT mice. HFD intake impairs endothelial function \[[@r18]\], leading to impaired SP-induced vasodilation and enhanced vasoconstriction. SP-induced vasodilation is primarily endothelium-dependent \[[@r33]\] and is mediated by the NK1R located in endothelial cells \[[@r34]\], involving the release of nitric oxide \[[@r35]\]. However, SP also dilates vessels *via* activating NK1R on vascular smooth muscle \[[@r36], [@r37]\]. Our data show that SP-induced CF improvement was decreased in both strains by HFD intake, which may be related to impaired SP-induced vasodilation.

The present study also shows that exogenous CGRR, SP and capsaicin added to the perfusion solution before ischemia did not decrease LVEDP after I/R injury in both strains with HFD intake. LVEDP serves as an index of left ventricular diastolic function. Many factors affect myocardial relaxation, such as I/R-induced intracellular calcium overload. HFD intake also leads to myocardial fibrosis and increases left ventricular end-diastolic pressure \[[@r38]\]. LVEDP seems to be difficult to be improved in the current study.

Although the ischemia and reperfusion injury model of isolated hearts has been validated in many previous studies \[[@r12], [@r16]\], the protective effects of TRPV1 still need to be confirmed *in vivo* cardiac ischemia and reperfusion injury model in the future. This is one of the limitations of the present study. Another limitation is that we did not verify the role of CGRP and SP in the protective effects of TRPV1 using their inhibitors.

Conclusion
==========

These findings suggest that HFD intake impairs cardiac postischemic recovery. The protective effects of TRPV1 activation on cardiac ischemia/reperfusion injury are blunted by diet-induced obesity.
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![Body weight and glucose tolerance test of mice. (**a**) Body weight of wild type (WT) and TRPV1^-/-^ mice fed with control diet (CD) or high-fat diet (HFD) for 20 weeks were measured. (**b**) Plasma glucose was measured before and after intraperitoneal injection of glucose (2 g/kg body weight). (**c**) The area under the curve (AUC) for glucose was calculated. Values are mean ± SEM of 6 mice. \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD; ^‡^*P*\<0.05 *vs.* WT-HFD. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F1){#F1}

![Effects of TRVR1 ablation and high-fat diet (HFD) on cardiac function of mice with ischemia and reperfusion injury. The hearts from wild type (WT) and TRPV1^-/-^ mice fed control diet (CD) or high-fat diet (HFD) for 20 weeks were retrogradely perfused in a Langendorff apparatus. Coronary flow (CF, **a**), left ventricular peak positive dP/dt (+dP/dt, **b**), left ventricular developed pressure (LVDP, **c**), and left ventricular end-diastolic pressure (LVEDP, **d**) were measured following cardiac ischemia and reperfusion injury. Values are mean ± SEM of 6-8 mice. \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD; ^‡^*P*\<0.05 *vs.* WT-HFD. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F2){#F2}

![Effects of capsaicin (Cap) on cardiac function of mice with ischemia and reperfusion injury. The hearts from wild type (WT) and TRPV1^-/-^ mice fed control diet (CD) or high-fat diet (HFD) for 20 weeks were retrogradely perfused in a Langendorff apparatus. Capsaicin was perfused 10 min before cardiac ischemia and reperfusion injury. Coronary flow (CF, **a**), left ventricular peak positive dP/dt (+dP/dt, **b**), left ventricular developed pressure (LVDP, **c**), and left ventricular end-diastolic pressure (LVEDP, **d**) were measured. Values are mean ± SEM of 6-8 mice. For the left parts of each panel, \**P*\<0.05 *vs.* WT-CD; ^‡^*P*\<0.05 *vs.* WT-CD-Cap. For the right parts of each panel, \**P*\<0.05 *vs.* WT-HFD; ^‡^*P*\<0.05 *vs.* WT-HFD-Cap. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F3){#F3}

![Effects of calcitonin gene-related peptide (CGRP) on cardiac function of mice with ischemia and reperfusion injury. The hearts from wild type (WT) and TRPV1^-/-^ mice fed control diet (CD) or high-fat diet (HFD) for 20 weeks were retrogradely perfused in a Langendorff apparatus. CGRP was perfused 10 min before cardiac ischemia and reperfusion injury. Coronary flow (CF, **a**), left ventricular peak positive dP/dt (+dP/dt, **b**), left ventricular developed pressure (LVDP, **c**), and left ventricular end-diastolic pressure (LVEDP, **d**) were measured. Values are mean ± SEM of 6-8 mice. For the left parts of each panel, \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD. For the right parts of each panel, \**P*\<0.05 *vs.* WT-HFD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-HFD; ^‡^*P*\<0.05 *vs.* WT-HFD-CGRP. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F4){#F4}

![Effects of substance P (SP) on cardiac function of mice with ischemia and reperfusion injury. The hearts from wild type (WT) and TRPV1^-/-^ mice fed control diet (CD) or high-fat diet (HFD) for 20 weeks were retrogradely perfused in a Langendorff apparatus. SP was perfused 10 min before cardiac ischemia and reperfusion injury. Coronary flow (CF, **a**), left ventricular peak positive dP/dt (+dP/dt, **b**), left ventricular developed pressure (LVDP, **c**), and left ventricular end-diastolic pressure (LVEDP, **d**) were measured. Values are mean ± SEM of 6-8 mice. For the left parts of each panel, \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD; ^‡^*P*\<0.05 *vs.* WT-CD-SP. For the right parts of each panel, \**P*\<0.05 *vs.* WT-HFD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-HFD; ^‡^*P*\<0.05 *vs.* WT-HFD-SP. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F5){#F5}

![Effects of capsaicin (Cap, **a**), calcitonin gene-related peptide (CGRP, **b**), and substance P (SP, **c**) on cardiac function of mice with ischemia and reperfusion injury. The hearts from wild type (WT) and TRPV1^-/-^ mice fed control diet (CD) or high-fat diet (HFD) for 20 weeks were retrogradely perfused in a Langendorff apparatus. Cap, CGRP, and SP were perfused 10 min before cardiac ischemia and reperfusion injury. Infarct size was measured after staining with 1% 2,3,5-triphenyltetrazolium chloride. Values are mean ± SEM of 6-8 mice. For the left part of (**a**), \**P*\<0.05 *vs.* WT-CD; ^‡^*P*\<0.05 *vs.* WT-CD-Cap. For the right part of (a), \**P*\<0.05 *vs.* WT-HFD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-HFD. For the left part of (**b**), \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD. For the right part of (b), \**P*\<0.05 *vs.* WT-HFD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-HFD; ^‡^*P*\<0.05 *vs.* WT-HFD-CGRP. For the left part of (**c**), \**P*\<0.05 *vs.* WT-CD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-CD. For the right part of (c), \**P*\<0.05 *vs.* WT-HFD; ^†^*P*\<0.05 *vs.* TRPV1^-/-^-HFD. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CHDDT-20-122_F6){#F6}
